Generation IV type fast reactors (FR) are expected to be commercially deployed instead of light water reactors (LWR) from around 2050. Replacement of LWR to FR needs flexibility due to uncertain factors such as FR deployment rate which affects the FR fuel (Pu) supply amount from LWR spent fuel reprocessing and the capacity of related facilities. If the FR deployment rate is as currently planned, more Pu must be prepared by expanding LWR reprocessing. If the FR deployment rate decreases, LWR reprocessing must be reduced to avoid excess Pu. To cope with this issue we proposed the innovative system called Flexible Fuel Cycle Initiative (FFCI) that has integral reprocessing for LWR and FR spent fuels. LWR reprocessing in FFCI only carries out about 90% U recovery and residual material with Pu, U (~5%), minor actinides (MA) and fission products (FP) goes to FR reprocessing for the planned FR deployment rate. For any decrease in the FR deployment rate temporary storage will be used. Coexistence of Pu/U with MA and FP until just before Pu/U usage in the FR provides high proliferation resistance. Preliminary evaluation revealed that FFCI can reduce the LWR reprocessing capacity and LWR spent fuel storage amount compared with current plan (reference system) if the FR deployment rate decreases. Several FR deployment scenarios and countermeasures such as FFCI were investigated.
Introduction
As Japan has quite low (~4%) energy self-supply ratio excluding nuclear (~16% including nuclear) and less uranium (U) resources, effective utilization of Pu in FR is indispensable.
The Atomic Energy Commission of Japan established the "Framework for Nuclear Energy Policy" in October 2005 (1) . The Framework for nuclear energy policy states that Japan should improve the energy self-supply ratio and reduce the green-house gas emission by increasing the use of non-fossil energy sources like renewable and nuclear energies.
The share of nuclear power in electricity generation should be similar to or greater than the current level of 30 to 40% after 2030. The short-term objectives of nuclear energy policy are assurance of the safety and security, safe disposal of radioactive wastes, improvement of the operation efficiency of LWR, and utilization of Pu and U recovered from the LWR spent fuel by reprocessing. The LWR spent fuel (~1,200 t/y, which exceeds the Rokkasho reprocessing capacity of 800 t/y) will be intermediately stored and reprocessed later. The mid-term objective is preparation of advanced LWR with improved performance to replace retiring plants. The long-term objective is development of FR and advanced fuel cycle technologies aiming at their commercial deployment at around 2050. The advanced fuel cycle requires enhanced safety and reliability, proliferation resistance, manageable nuclear waste, and effective fuel utilization.
The successive replacement of LWR to FR will take about 60-years or more. We must investigate how to manage the nuclear fuel cycle system during the transition period from LWR to FR. The transition scenario has various unpredictable factors such as the timing of FR deployment, capacity of reprocessing plants for LWR and FR spent fuels, and the specification of reprocessing plants. To manage these unknown factors, the authors propose a flexible fuel cycle system called Flexible Fuel Cycle Initiative (FFCI) (2) .
Flexible Fuel Cycle Initiative (FFCI)
Outline of the proposed FFCI is shown in Fig. 1 . FFCI recovers most U from LWR spent fuel at first and then Pu/U from the residue (recycle material) for FR deployment. FR spent fuel is recycled to the Pu/U recovery process. Fig. 1 Outline of the proposed FFCI LWR spent fuels are reprocessed to recover at first about 90% U from spent UO 2 or MOX fuel. The U recovery residue dubbed "recycle material (RM)" has Pu/U composition suitable for FR core fuel, but still contains FP and MA. In Fig. 1 , head-end means the conversion of spent fuel assemblies and RM storage vessels to suitable forms for the following chemical separations. For example, chop-and-leach is known as a head-end process for aqueous reprocessing.
Options (A) or (B) will be selected depending upon the FR deployment rate. When the rate is high, the RM is immediately recycled to the FR after Pu/U recovery (A). When the rate is low, the RM is temporarily stored (B).
Options (C) and (D) will be selected depending upon the RM storage form. If the form is liquid phase, the RM goes directly to aqueous Pu/U recovery (C). No head-end (including dissolution) is needed for option (C). If the form is solid, the RM goes to the head-end process of FR reprocessing (for example using the aqueous PUREX method) followed by Pu/U recovery (D). Selection of the RM form (liquid or solid) should be determined by the balance between conversion cost of the U recovery residue for storage and stability of the storage form (risk of nuclides dispersion). The FFCI integrates effectively the reprocessing plants for LWR and FR spent fuels and enables the harmonized transition from LWR to FR. In case of any condition changes, RM that contains high concentration Pu acts as a buffer material between the LWR and FR. When needed temporarily stored RM is recycled to further chemical processing to extract Pu and U followed by FR fresh fuel fabrication. RM contains Pu with U, MA and FP, and has high proliferation resistance. Thus, FFCI is flexible and can respond to the FR status.
In the currently proposed system (reference system), both the LWR and the FR reprocessing facilities provide head-end, U recovery, Pu/U recovery, and FR fresh fuel fabrication systems. On the other hand, in FFCI the LWR reprocessing facility performs only U recovery, then Pu/U recovery is carried out in the FR reprocessing facility. The FR reprocessing facility has surplus capacity just after its construction because of short residence time of FR spent fuel out of the reactor to prevent americium build-up and the lower FR spent fuel amounts at the beginning. Most RM and part of LWR spent fuel after U recovery are treated by using this surplus capacity with less increasing the FR reprocessing plant capacity.
U Recovery in FFCI

Candidate Methods
The key technology for integrated reprocessing in FFCI is the U recovery method which should be simple and be able to recover high purity U. Because all of the recovered U is not needed for FR, it will be stored for a long time or utilized again in LWR after re-enrichment. The content of U-235 in LWR (PWR) spent fuel is about 1 wt% and higher than that of natural U (~0.7%), which might enable lower cost for the enrichment of the recovered U than natural U. Simple storage and re-enrichment both need high purity of recovered U and high decontamination factor (DF) for fission products (FP) and other actinides during the U recovery process. Several U recovery methods are known such as crystallization, solvent extraction, precipitation, molten salt extraction, molten salt electrolysis, and fluoride volatility. The advanced reprocessing systems have been widely studied in the world including various aqueous and non-aqueous methods (3) - (15) .
Fluorination
Among U recovery methods, one of the desirable candidates is fluoride volatility, which can get high purity U with relatively simple processes. Preliminary evaluation clarified that fluoride volatility could get the DF of about 10 7 by fluorination, distillation and adsorption processes. Spent fuel from LWR is sheared and the fuel is pulverized and separated from the cladding by a dry oxidation/reduction method such as the AIROX process (16) . Fluorination of most U (90% of spent fuel) to volatile uranium hexafluoride (UF 6 ) can be achieved by a fluoride volatility method using a compact apparatus "fluidized bed" (17) or "flame reactor".
Use of diluted fluorine of about 20% concentration or interhalogen gas (BrF 5 , ClF 3 ) results in the selective fluorination of U leaving Pu, MA and FP in the bed (18) . Another possible way to separate U and Pu is volatilization of U+Pu and decomposition of volatile PuF 6 to non-volatile PuF 4 . Volatile UF 6 is quite stable even under the condition of PuF 6 decomposition. The U fluorination reagent supply is stopped when the ratio of Pu and residual U is adjusted as desired for MOX fuel. Most FPs fluorinated in this process are nonvolatile and remains in the fluorination reactor.
Uranium Purification
Pure UF 6 product is suitable for transferring directly to a re-enrichment process, or for storing for a certain period in simple storage facilities. Then the volatile UF 6 is purified to high DF (about 10 7 ) by rectification and/or passing through adsorbents such as NaF.
Some FP such as niobium, molybdenum, technetium and ruthenium are also volatilized along with UF 6 (19) . Volatilized U is purified by rectification (19) and/or chemisorption using FP fluorides adsorbents such as NaF and MgF 2 (20) . Decontamination factor of about 10 5 can be expected.
Most U purification processes involve procedural complex processes, high reagent consumption, and high waste generation. For the fluoride volatility process, U can be easily purified by simple procedure because of the marked difference in chemical properties of the fluorides of U and FP.
Using adsorbent for the purification causes insignificant radioactive wastes because it is used to adsorb only a small amount of FP. Purified UF 6 is sent to the re-enrichment process and/or to the storage as fluoride or after conversion to oxide.
The fluoride volatility process using flame reactor is schematically shown in Fig. 2 for the recovery of pure U. The residual recycle material (RM) is converted to oxide in this figure, but no conversion is also an option. 
Transition Scenario Case Study
Transition Scenarios and the Cycle System
The LWR to FR transition scenario planned in Japan's Framework for Nuclear Energy Policy ("Framework") is investigated and includes the FR deployment from around 2050 and 2nd reprocessing plant operation from around 2047 (1) . This scenario also indicates the FR deployment rates of ~2GWe/y from 2050 to 2065, ~0.5GWe/y from 2065 to 2095, and ~2GWe/y from 2095 to 2110. The scenario requires much Pu at the beginning and the end of the transition period and not so much Pu at the intermediate period. The Framework plans that the LWR spent fuel reprocessing capacity should be large to supply enough Pu to FR for the ~2GWe/y deployment rates and, in order to have no excess Pu, the reprocessing capacity should be reduced during the ~0.5GWe/y FR deployment rate ("proposed reference countermeasure"). The proposed FFCI in Fig. 1 offers a more efficient fuel cycle system although FFCI must construct the 2nd LWR reprocessing (U recovery) facility earlier than the reference system in Japan. From 2050 to 2065, Pu/U recovery will be immediately carried out after U recovery from LWR spent fuel. From 2065 to 2095, U recovery will be continuously operated and RM will be temporarily stored until 2095. From 2095 to 2110, LWR spent fuel (just after U recovery), RM and FR spent fuel (just after head-end treatment) will be treated at a Pu/U recovery facility. RM is utilized as a buffer material for FR deployment rate changes. When needed it is stored and/or recycled to the FR cycle which includes Pu/U recovery, FR fresh fuel fabrication, and FR. Thus FFCI can flexibly respond to the FR status. 
Characteristics of FFCI
Fluorination (Flame reactor)
The characteristics of FFCI are preliminarily evaluated and shown compared with the proposed reference countermeasure (interim storage of LWR spent fuel from the Framework) in Table 1 . The evaluation is based on the conditions that the transition rate from LWR to FR obeys the Framework as written in 4.1, Pu concentration is 1wt% in LWR spent fuel, Pu required amount from outside is 15.9t for 1GWe FR, and spent fuel generation amount is 20t/y for 1GWe LWR. Although FFCI must construct LWR and FR reprocessing facilities several years earlier than the reference system and must treat RM, FFCI can reduce the U recovery and Pu/U recovery capacities and the LWR spent fuel storage amount by about half. This means the better overall economy for FFCI. Other characteristics of FFCI are that FFCI can omit the Pu/U recovery and fuel fabrication in LWR reprocessing (better economy), FFCI allows earlier construction of LWR reprocessing plant and improves the non-proliferation aspects because its product is dirty RM (not pure MOX), and the LWR spent fuel storage amount can be decreased drastically if U recovery capacity increases to 1,200 t/y. The LWR spent fuel amount becomes an important issue in some nuclear countries like Japan, US, and France. An interim storage facility will be prepared in northern Japan, and is approved under the condition of a maximum storage period of 50 years before reprocessing. FFCI can achieve the 50 years interim storage period for LWR spent fuel and RM by increasing the U recovery capacity from 930 to 1,200 t/y.
Maximum LWR spent fuel amounts are also evaluated in other variation cases such as FR deployment start at 2040 (Var. 1), 2060 (Var. 2), and a linearly increasing FR deployment rate of 1GWe/y from 2050 (Var. 3), which is shown in Fig. 3 . 
Proliferation Resistance
FFCI was found to be inherently proliferation resistant because the LWR reprocessing recovers only U and no pure Pu, dirty Pu/U is recovered just before FR use, and the RM (temporarily stored material) has high heat and radioactivity.
Also the reprocessing of RM with high Pu content can respond to a scenario of rapid FR deployment. This improves non-proliferation in rapid deployment because a high breeding ratio (BR) of FR and large Pu supply is not needed. High BR requires blanket fuel which produces relatively pure Pu-239 with relatively low proliferation resistance. FFCI can eliminate the blanket even for rapid FR deployment by the reprocessing of RM with high Pu content and thus increase the proliferation resistance.
Because RM contains large quantities of FP/MA and reactor grade Pu, it has a unique proliferation resistance. RM has about 10 times higher Pu concentrations of Pu (fissile material) and FP (radiation and heat source) than LWR spent fuel, and similar Pu content and much higher FP concentration than a fresh FR core fuel (reprocessing product for recovered Pu/U). Dose rates at 1m distances were calculated and RM was proved to have higher dose rate than LWR spent fuel.
Of course using a dirty FR core (Pu/U) in FFCI requires remote operation but the methods are already developed by the Japan Atomic Energy Agency (9)-(11) .
Conclusions
Establishment of transition cycle from LWR to FR is important to realize the sustainable energy goals of Japan's Framework for Nuclear Energy Policy. The transition cycle must reprocess all spent fuel, avoid excess Pu storage for international acceptance, flexibly achieve an economical transition to an FR fuel cycle, and reduce the unprocessed LWR spent fuel awaiting reprocessing. The Flexible Fuel Cycle Initiative (FFCI) will be a desirable cycle to meet these requirements. FFCI can effectively reprocess spent fuels from LWR and FR, has no excess Pu even in case of FR deployment rate changes during its replacement of LWR, flexibly respond the FR status by utilizing RM as a buffer material with high proliferation resistance, and reduce the LWR spent fuel amount for interim storage.
